tion are particularly crucial for understanding the functional mechanisms of Rb since repression of E2F target genes can be secondary to G1 cell cycle arrest caused by another mechanism(s). In fact, evidence has been accumulating that Rb activities other than E2F repres- 
Figure 1. Reduction in Protein Levels of E2F Target Genes Follows a Slower Kinetics Than G1 Cell Cycle Arrest after Timed Reexpression of Rb in Saos-2 Cells Actively growing cells were induced (TetϪ), and aliquots of cells were harvested at the indicated times for various analyses. (A) Rb expression determined with Western blot. (B) Cell cycle profiles of Saos-2 cells determined by FACS. Striped areas represent S phase cells. (C) Expression of cellular E2F target genes examined by Northern and Western blots.
creases in levels in the first 24 hr post-Rb induction with cyclins and CKIs. As shown in Figure 2B , left, the association of Cdk2 with cyclin A and cyclin E did not ( Figure 1C , Western). Levels of cyclin A and Cdk2 did decrease significantly at 48 hr, while cyclin E levels did change during the time course up to 24 hr. In contrast, there was a significant increase in the amount of p27 in not change even at 48 hr postinduction. Protein levels of E2F1 decreased slightly after 20 hr, while E2F4 protein the Cdk2 complexes starting from 16 hr post-Rb induction. This was also demonstrated by immunoprecipitatlevels remained unchanged throughout the time course. Thus, only a subset of these proteins showed demoning p27 and Western blotting for Cdk2 and cyclins (Figure 2B , right). Indeed, p27 protein levels, but not p21 or strable decreases in their levels and, importantly, these decreases clearly lagged behind the onset of G1 cell p16 protein levels, increased significantly from 16 hr postinduction ( Figure 2C ). These results suggested that cycle arrest. One formal possibility that was not addressed in this series of experiments is that certain unreexpression of Rb specifically caused increase in p27 protein levels, which could cause inhibition of Cdk2 kitested or unidentified E2F target genes could be repressed with early kinetics and be responsible for the nase activity (also see Supplemental Data online at http://www.molecule.org/cgi/content/full/16/1/47/ G1 arrest. Results obtained from a partial penetrance Rb mutant that is defective for E2F repression (see Figure 7) , DC1/). however, indicate that this possibility is unlikely.
p27 Has an Active Role in Rb-Mediated G1 Arrest
We determined the role of p27 in Rb-mediated G1 arrest.
Reexpression of Rb Leads to p27 Protein Accumulation in Parallel with G1 Arrest and Inhibition of Cdk2 Kinase
Knockdown with p27 antisense oligonucleotides (Coats et al., 1999) reduced the baseline levels of p27 in uninActivity before the Decline in Their Protein Levels We next determined the kinase activities associated duced cells such that after Rb induction, p27 levels only increased to the baseline levels of control cells before with Cdk2, cyclin A, and cyclin E in the same time course experiment. As shown in Figure 2A , kinase activities induction, effectively creating a situation as if Rb was not able to increase p27 protein levels ( Figure 3A ). Analyassociated with Cdk2, cyclin A, and cyclin E were reduced at 16 hr postinduction and were nearly abolished sis of the same cells by FACS showed that reduction of p27 before induction caused an increase in S phase by 20 hr. This result demonstrated that the G1 cell cycle arrest after reexpression of Rb was correlated with repopulation by 3%. Significantly, antisense treatment effectively prevented G1 cell cycle arrest after Rb inducduction in the kinase activities of cyclin A/Cdk2 and cyclin E/Cdk2 but not with reduction in their protein tion. In the Supplemental Data, we further show that sequestration of p27 could also abolish Rb function. levels.
To investigate the cause of kinase inhibition, we immuIf the reduction in Cdk2 kinase activity was not caused by the reduction in their protein levels but, rather, by noprecipitated Cdk2 and determined its association increases in p27 protein levels, we predicted that exIn Figure 4A , we show that after serum starvation, p27 accumulated to similar levels in wild-type and Rb knocktracts of Rb-expressing cells should be able to inhibit the kinase activity of non-Rb-expressing extracts. Mixing of out MEFs. This indicates that Rb is not required for the stabilization of p27 after serum starvation. Upon serum cell extracts from Rb-expressing cells with those harvested without Rb induction resulted in significant rerestimulation, however, p27 protein was degraded faster in Rb knockout MEFs. The difference in the kinetics of duction in kinase activity in the mixed extract ( Figure  3B ). In these mixing experiments, the amount of antip27 degradation after serum stimulation became clear from 8 hr after serum stimulation. These results indicate Cdk2 antibodies was not limiting (data not shown). Immunodepletion of the Rb-expressing extract with an that Rb has an important role in the regulation of p27 protein levels during cell cycle progression. anti-p27 antibody, but not normal IgG, abolished its inhibitory activity, whereas boiling of the Rb-expressing As previously reported (Herrera et al., 1996), Rb knockout MEFs also have higher levels of cyclin E proextract (p27 is known to be heat resistant [Polyak et al., 1994] ) did not. Boiling may have released p27 from tein, even in serum-starved cells ( Figure 4A ). Elevated cyclin E could, in theory, lead to more T187 phosphorylavarious cyclin/Cdk complexes to cause a more potent inhibition of Cdk2 kinase in the Tetϩ extracts. These tion of p27, which could in turn lead to faster degradation of p27. On the other hand, faster degradation of p27 results provided biochemical evidence that p27 is causing the inhibition of cyclin/Cdk2 kinase activity in Rbcould also lead to earlier elevation of Cdk2 activity. Importantly, the presence of high levels of cyclin E in seexpressing extracts.
rum-starved cells did not lead to detectable activation of Cdk2 kinase activity ( Figure 4B ). When p27 protein p27 Is Degraded with a Faster Kinetics in Rb Null Mouse Embryonic Fibroblasts degradation, Cdk2-associated kinase activity, and S phase entry were analyzed in the same time course, it We used wild-type and Rb knockout mouse embryonic fibroblasts (MEFs) to determine the role of Rb in the became clear that the significant reduction in p27 protein levels in Rb knockout MEFs took place earlier than regulation of p27 levels. p27 protein accumulates after serum starvation. Upon serum restimulation, p27 protein the activation of Cdk2-associated kinase activity. At 10 hr after serum stimulation, p27 protein levels were allevels decline gradually as cells progress into S phase. (Figure 2A) , the 4C). These results suggest that destabilization of p27 lack of T187 phosphorylation could be the cause for the proteins is a causal factor for the increases in Cdk2 stabilization of p27. If this were the case, p27 accumukinase activity in Rb knockout MEFs. lated after Rb induction should lack T187 phosphorylaThe fact that p27 was degraded before the elevation tion. We tested this prediction with an antibody that of Cdk2 kinase activity in Rb knockout MEFs suggested specifically recognizes T187-phosphorylated p27 (Figthat this degradation was not dependent on Cdk2 activaure 5D). In this experiment, LLnL treatment was used tion. As we discuss below, Cdk2 activity may not be a for comparison. LLnL inhibits proteasome activity to limiting factor for T187 phosphorylation, or other unidenprevent p27 degradation, and therefore p27 accumutified kinases may also phosphorylate T187. More imporlated after LLnL treatment was phosphorylated on T187 tantly, similar MEF serum starvation and release experi-( Figure 5D , lane 3). Clearly, p27 accumulated after Rb ments showed that p27 degradation was blocked in induction was similarly phosphorylated on T187 ( were treated with LLnL, p27 accumulated to a noticeably It is of note that the anti-ubiquitin blot revealed significantly more high molecular weight species than the antigreater degree, but p27 polyubiquitination was again not detected ( Figure 5E, lanes 4 and 8) . These results p27 blot of LLnL-treated samples in Figure 5E . While this could be due to higher sensitivity of the anti-ubiquitin indicated that Rb inhibited a step at or before p27 ubiquitination. Skp2 protein levels were similar in LLnL-treated antibody, it is formally possible that some of the species may represent ubiquitinated p27-associated proteins. If and Rb-induced extracts ( Figure 5E, bottom) , suggesting that the lack of p27 ubiquitination in Rb-induced this were the case, it would imply that Rb induction also inhibited the ubiquitination of many other proteins. We extract was not caused by the lack of Skp2. Finally, we determined whether Rb could inhibit p27 ubiquitination. When transiently expressed in 293T cells, immunoprecipitation of Skp2 could specifically bring ubiquitination in a purified system. As shown in Figure  5F , insect cell-produced, E7 peptide-purified full-length down Skp1 as expected. This interaction was not affected by coexpression of Rb, which showed interaction Rb efficiently inhibited p27 ubiquitination in a reaction containing purified SCF Skp2 -Roc1, Cks1, E2 (Ubc3), and with Skp2 in the same cells ( Figure 6E, left) . To determine the effects of Rb on Skp2-p27 interaction with the same E1 enzymes. Similar amounts of non-relevant protein (NRP) did not prevent p27 ubiquitination, establishing experimental design, we used p27T187D (to mimic T187-phosphorylation, see Supplemental Data). Results Rb as an inhibitor of p27 ubiquitination.
in Figure 6E , right, demonstrated that coexpression of Rb could interfere with Skp2-p27 interaction. Rb Physically Interacts with the N terminus of Skp2 to Dissociate Skp2-p27 Interaction, Inhibit p27
We extended these studies to the endogenous proteins in Rb-inducible cells. In our Rb-inducible cells, Ubiquitination, and Induce G1 Arrest We investigated whether Skp2 is the target of Rb in Skp2 protein levels gradually decreased after Rb induction to near background by 48 hr. This reduction in Skp2 inhibiting p27 ubiquitination. We prepared cell extracts at 12 hr after Rb reexpression (when endogenous Skp2 protein levels could be a secondary response to G1 cell cycle arrest or through currently unknown mechanisms protein levels remained unchanged), immunoprecipitated the induced and uninduced extracts with anti-Rb of Skp2 repression by Rb (see Supplemental Data). Regardless, this kinetic result suggested that the lack of antibody, and determined the presence of Skp2 in the immunoprecipitates with Western blotting. As shown in Skp2 protein also played a role in p27 accumulation in the late time points after Rb induction. To distinguish Figure 6A , endogenous Skp2 protein could be coimmunoprecipitated with reexpressed Rb. Skp2 protein was between contributions from Skp2 protein level reduction and Skp2-p27 dissociation to the reduction in Skp2-p27 not detected when the uninduced extract was immunoprecipitated with the same anti-Rb antibody. A physical interaction, we performed Skp2-p27 coimmunoprecipitation in a time course. The efficiency of p27 immunopreinteraction could also be detected between endogenous Rb and Skp2 when Rb-positive U2OS cells were used cipitation was near 100% (data not shown). As shown in Figure 6F , at 16 hr after induction, Skp2 and p27 levels with normal IgG as control ( Figure 6A ). The Rb-Skp2 interaction appeared to be direct since it can be demondid not change significantly, whereas the interaction between p27 and Skp2 was already significantly restrated with purified Rb and Skp2/Skp1 ( Figure 6B) .
We confirmed this Rb-Skp2 interaction with cotransduced. At 20 hr, Skp2 protein almost disappeared in p27 immunoprecipitates, while total Skp2 levels only fection of epitope-tagged Rb and Skp2 ( Figure 6C) . In identical conditions, Rb did not interact with Flag-Fbl3a, slightly decreased and the amount of p27 in p27 immunoprecipitates significantly increased (due to the accuwhich contains leucine-rich repeats (LRR) like Skp2, nor Flag-␤-TrcP, which contains WD-40 domains to interact mulation of p27). Thus, Rb caused dissociation of endogenous Skp2-p27 interaction and this effect of Rb with its substrates (Cenciarelli et al., 1999) (see Supplemental Figure S3 ). Skp2 is a modular protein consisting took place in early time points after Rb induction, although the dissociation did not become complete immeof C-terminal LRR, an F box, and an N terminus ( Figure  6D ). As a first step to identify sequences on Skp2 that diately. To determine whether Rb binding to Skp2 was remediate Rb interaction, we divided Skp2 into the N-terminal half, which contains the N terminus and the F quired for its ability to dissociate Skp2-p27 interaction, we tested whether Rb could dissociate the interaction box, and the C-terminal half, which contains LRR. This experiment ( Figure 6C ) revealed that the Rb interaction between Skp2⌬N and p27. As shown in Figure 6G , Skp2⌬N still retained the ability to bind p27, but this domain was in the NF fragment. This result suggests that Rb may not directly compete with p27 for binding interaction was not affected by the coexpression of Rb, which did not bind Skp2⌬N. to Skp2. More detailed mapping experiments identified a sequence between residues 60 and 100 to be required These results suggested that the N terminus of Skp2 should be required for Rb to inhibit p27 ubiquitination. for Rb binding (data presented in Supplemental Figure  S4 and summarized in Figure 6D) . A deletion in the midTo investigate this, we assembled the SCF Cks1) to ubiquitinate GST-purified p27 ( Figure 6H ). As substrate mechanism has not been investigated in this study. A previous study, however, demonstrated that expected, ubiquitination of p27 depended on its prior phosphorylation by cyclin E/Cdk2. When E7 peptide afp130 is the only member in the pocket protein family that is ubiquitinated by Skp2 (Tedesco et al., 2002) . finity-purified wild-type Rb was added to this reaction together with the Cdk2 inhibitor roscovitine, p27 ubiquiIn the above mapping studies, we noted that the naturally occurring partial-penetrance mutation R661W is tination was significantly inhibited. This inhibitory activity of Rb could also be detected with GST-fused Rb more than 70 residues away from the sequences necessary for Skp2 binding and Skp2-p27 dissociation. In-"large pocket," and a GST Rb large pocket with exon 22 deletion was much weaker in this inhibition (P.J. and deed, we determined that as full-length proteins, RbR661W fully retained these two activities; Rb⌬22 re-L.Z., unpublished data). Significantly, when we substituted Skp2 with Skp2⌬N, Rb lost its inhibitory activity tained Skp2 binding but was null for Skp2-p27 dissociation ( Figure 7B ). We established inducible Saos-2 lines ( Figure 6H, right) .
If the interaction between Rb and Skp2 N terminus is for full-length RbR661W and Rb⌬22 ( Figure 7C ) to study its interaction with cellular E2F, its effects on cellular a key mechanism for G1 arrest, then disruption of this interaction should interfere with Rb's ability to induce E2F target genes and p27 protein, and the kinetics of G1 cell cycle arrest by it. As judged by E2F gel shift, G1 arrest. To test this prediction, we determined the effect of overexpressing the Skp2 N terminus. We inRbR661W was as inactive as Rb⌬22 for E2F interaction ( Figure 7D ). RbR661W was severely impaired in the abilfected Saos-2-TetRb cells with lentivirus-expressing GFP or Skp2N (residues 1-100) ( Figure 6I ). Skp2N effiity to repress a set of well-established E2F target genes compared with wild-type Rb ( Figures 7E and 1C ). There ciently prevented p27 accumulation and G1 arrest after Rb induction (Figures 6I and 6J ). Rb induction in the was still slight repression of cyclin A and E2F1 genes, but it followed a slow kinetics suggesting that it could presence of Skp2 N terminus still repressed cellular E2F target genes as demonstrated by the transcript levels be a secondary effect of cell cycle arrest. In contrast, RbR661W was as effective as wild-type Rb in causing of cyclin E but to a lesser extent than the repression in the absence of Skp2 N terminus (see Supplemental Figp27 Figure S8 and summarized in Figure 7A ). Interestingly, we found Understanding the temporal relationships among various biochemical and biological effects of a multifuncthat a naturally occurring null mutation of Rb, Rb⌬22, abolished the large pocket's ability to disrupt Skp2-p27 tional protein is indispensable for a full understanding of its functional mechanisms. This is particularly true interaction, but not its ability to bind Skp2. We continued with three artificial Rb mutants to define the sequences for understanding functional mechanisms of cell cycle regulators, such as Rb, since certain biochemical and necessary for binding Skp2. Because Rb373-824 and Rb761-928 retained most of the binding activity and biological events are themselves dependent on the cell cycle phases a cell is in (rather than dictating what cell Rb373-637 lost most of the binding activity, it appears that the sequences overlapped in 373-824 and 761-928 cycle phases a cell should be in). In our time course experiments, we were able to document that the represcontained most of the Skp2 binding activity. These results reveal that sequences for Skp2 binding were more sion of well-established E2F target genes at the mRNA level by Rb is fast and in parallel with G1 cell cycle broadly distributed than and include sequences required for disrupting Skp2-p27 interaction. Together arrest. While this result is consistent with the current Rb-E2F model, we unexpectedly found that the protein with the finding that Rb interacts with the N terminus of Skp2, which is required for Rb to disrupt Skp2-p27 products of these same E2F target genes did not decline either until after the establishment of G1 cell cycle arrest interaction ( Figures 6C, 6G, and 6H) , the most straightforward interpretation of these data is that Rb is tethered or not at all. Since the final outcome of gene expression regulation is the levels of proteins, this finding sugonto the N terminus of Skp2 (through a rather broad sequence) and, once tethered, a different but overlapgested that it is inadequate to define the Rb-E2F model only at the gene transcription levels. ping Rb sequence, which is completely disrupted by ⌬22, functions to dissociate Skp2-p27 interaction. The Indeed, posttranscriptional regulations, particularly at the level of protein degradation, have been recognized details of how these two functions of Rb together achieve inhibition of Skp2-p27 will need further strucmore and more as important means of gene expression regulation. Degradation of cyclin E protein in complex tural studies. Whether Rb itself is an ubiquitination substrate of Skp2 and therefore acts through a competitive with Cdk2 is regulated by its phosphorylation by Cdk2 Although more studies are needed to define the role of suppressor-oncoprotein interaction. In this respect, it is Rb-Skp2-p27 pathway in the tumor suppression activiinteresting to note that E2F proteins have not been found ties of R661W, we suggest that the inactivation of the overexpressed in human cancers as one would logically Rb-E2F pathway is sufficient for predisposing carriers expect. Although genetic disruption of the p27 gene has to tumor initiation, but the inactivation of the Rb-Skp2-also not been found in human cancers, decreases in p27 pathway is necessary for tumor progression to fullp27 protein levels have been correlated with more agblown retinoblastoma syndrome. gressive tumor progression (Bloom and Pagano, 2003) .
In addition to p27, more and more proteins have been The demonstration in mice that p27 is a haploinsufficient identified as Skp2 targets (Reed, 2003) , which raises the tumor suppressor provided experimental evidence that possibility that Rb-Skp2 pathway may lead to other Skp2 a decrease in p27 protein levels is functionally relevant targets. However, most of the currently known subin tumorigenesis (Fero et al., 1998) . Revelation of a Rbstrates of Skp2 may not depend on Skp2 to the same Skp2-p27 pathway improves our understanding of not degree as p27. Indeed, most of the Skp2 knockout pheonly Rb but also of the roles of Skp2 and p27 in tumorinotypes were corrected by combined knockout of p27, genesis.
indicating that p27 is the major substrate of Skp2 (Na- have opposite effects on p27 degradation in serum-
